Over a two-plus year period, the American Recovery and Reinvestment Act of 2009 (ARRA), through the U.S. Department of Energy's Fuel Cell Technologies Office, exceeded its target to install 1,000 fuel cell units across several different applications including backup power to spur commercialization of early market technologies. Fuel cell backup power can provide a critical service in times of emergencies and decrease the economic and productivity losses during other grid instabilities when compared with incumbent technologies. Fuel cells can provide an extended run time similar to that of diesel generators while also providing a low-emission and low-noise solution, which is especially important in urban environments.
Executive Summary
Over a two-plus year period, the American Recovery and Reinvestment Act of 2009 (ARRA), through the U.S. Department of Energy's Fuel Cell Technologies Office, exceeded its target to install 1,000 fuel cell units across several different applications including backup power to spur commercialization of early market technologies. Fuel cell backup power can provide a critical service in times of emergencies and decrease the economic and productivity losses during other grid instabilities when compared with incumbent technologies. Fuel cells can provide an extended run time similar to that of diesel generators while also providing a low-emission and low-noise solution, which is especially important in urban environments.
By December 2013, more than 1,300 fuel cell units were deployed, of which 852 were providing backup service, mainly to telecommunications towers ( Figure ES-1) . Project participants provided detailed operational data for 134 of the fuel cell backup power units, and the National Renewable Energy Laboratory's technology validation team analyzed the data.
The data provided a great deal of information regarding deployment numbers, installed capacity, reliability, and operation trends and characteristics. The start reliability of those systems was 99.5%. While some system capacities were larger than 10 kilowatts (kW), 78% of the systems were in the 4-6 kW range. Modules of smaller fuel cell units could be combined to adjust the system size to an individual site's needs. The fuel cells accumulated more than 1,749 hours of operation time with one unit successfully demonstrating a continuous run time of 65 hours during the data collection period. See Appendix B for a breakdown of capacity and site count by state. An annualized cost of ownership analysis enables a better understanding of the value proposition for fuel cell backup power systems when compared with the incumbent technologies of battery and diesel generator systems. Backup power operation can vary widely based on region, end v user, and site-specific requirements, so a number of assumptions are made to compare three different backup power technologies (diesel, battery, and fuel cell) operating in similar circumstances in four run time scenarios (8, 52, 72 , and 176 hours). Each run time scenario assumes the system operates for a specific amount of hours annually, for example a system in the 72-hour scenario operates for 72 hours a year. The 72 hours could be accumulated through many shorter run operations or through one continuous operation. It is important to note that the actual use of a telecommunication system is not as simple, or as prescribed, as these run time scenarios.
Cost estimates for capital, permitting and installation, maintenance, and fuel are generated for each of the technologies. Data sources for these cost estimates include ARRA fuel cell systems, quotes, and facility manager experience. This cost of ownership analysis identifies the factors impacting the value proposition for fuel cell backup power and the estimated annualized cost of ownership for three backup power technologies. Figure ES -2 displays the annualized cost estimates for each run time scenario and technology. The battery cost of ownership increases significantly with the higher run time scenarios, and this technology is unlikely to truly be a stand-alone solution for situations that require high run times. A battery system is a common option when 8 hours or less are needed for backup run time.
Fuel Cell* includes incentives
Figure ES-2. Annualized cost of ownership for technology and run time scenarios
The diesel generator is consistently one of the lower-cost options, but this technology has some challenges due to the cost of annual maintenance requirements and attributes not captured in the cost of ownership analysis, such as noise and emissions.
vi The fuel cell system with incentives 1 (denoted FC* in figures) is cost competitive with the diesel generator, particularly in the 8-hour, 52-hour, and 72-hour run time scenarios. The fuel cell system has a higher efficiency and less frequent maintenance schedule than the diesel generator, and the incentives offset the higher capital and installation costs as seen in Table 1 and Table 2 . Other backup power technology attributes not tracked in this cost of ownership analysis, but which may be key decision factors along with the cost of ownership, include noise, emissions, equipment footprint, available installation space, and permitting.
Fuel cell systems are now cost competitive with the incumbent backup power technologies, according to this cost of ownership analysis, especially with incentives. In the 72-hour run time scenario, the cost of ownership of the fuel cell system, without incentives, is approximately 1.2 times higher than that of a diesel generator and more than 5 times lower than that of a battery system. In the same run time scenario, the cost of ownership of the fuel cell system, with incentives, is approximately equal to that of the diesel generator and more than 6 times lower than that of a battery system.
A reduction in capital and installation costs will result in a stronger value proposition for fuel cell systems as backup power solutions. The cost and difficulty associated with the permitting of hydrogen systems are other areas that require development for widespread deployment of fuel cell systems. These permitting challenges can vary greatly across the country and can be addressed by the consistent implementation of codes and standards. For decision makers selecting a backup power system, the initial costs are key drivers, but other aspects to consider are noise, permitting, emissions, run time capability, ease of refueling, footprint, and user comfort with the technology. ........................................................................................................................................ 16  5 References .......................................................................................................................................... 17  Appendix A ................................................................................................................................................ 19  Appendix B ........................................................................................................................................... These ARRA co-funded fuel cell deployments supported hydrogen fuel cell commercialization through an accelerated deployment, impacting many areas of the market, including manufacturing, permitting, installation, hydrogen infrastructure, operation, maintenance, and support services. DOE's Fuel Cell Technologies Office awarded 12 projects with approximately $40 million in ARRA funding and approximately $53 million in industry cost share; of this total, $18.5 million in ARRA funding went to three backup power projects [2] . Project participants included technology developers and end users.
To support the validation and market transformation objectives of the project, the project participants collected and submitted data to the National Fuel Cell Technology Evaluation Center (NFCTEC) at the National Renewable Energy Laboratory (NREL). NREL's objective is to validate hydrogen polymer electrolyte membrane fuel cells used in early market applications as well as their related infrastructure. Building on its experience with the technology validation of hydrogen fuel cell vehicles and fueling infrastructure, NREL has been performing technical analyses of hydrogen and fuel cell systems for DOE's Fuel Cell Technologies Office to assess the performance and market potential of fuel cell technologies. While individual company data are kept confidential, NREL publishes aggregated performance analysis results called "composite data products" (CDPs) that show the status and performance of hydrogen and fuel cell technologies without identifying individual companies or their performance. See Appendix A for more details on NREL's data analyses.
NREL uses operational data collected from a number of government co-funded demonstration projects to analyze fuel cells used in material handling equipment and backup power to characterize their performance, maintenance, and operation and to highlight the business case for using fuel cells in these early market applications. This technology validation includes identifying the current status of the technology and its evolution over the duration of the project, assisting DOE's hydrogen research and development activities based on information learned from this project, and helping industry in evaluating progress toward technology readiness.
Deployment of fuel cell systems is a practical option for telecommunications operations that need reliable, long-running backup power at cellular phone signal relay sites, particularly during electric grid power outages. Commercial growth of the wireless telecommunications market in the United States and overseas provides opportunities for domestic and international sales of backup power fuel cells. Telecommunications backup power expenditures are estimated at more than $2 billion annually [3] . Fuel cells for backup power can be installed and operated at new or retrofit sites in different regions.
In addition to the ARRA co-funded fuel cell backup power demonstrations, DOE supported additional demonstration projects with other federal agencies through Interagency Agreements. The Department of Defense and the Federal Aviation Administration are two agencies with fuel cell backup power demonstrations that also submitted operational and deployment data to NREL. All results covered in this report, unless specified as strictly ARRA, will include both ARRA and Interagency Agreement fuel cell backup power sites. Almost all sites (~98%) were co-funded through ARRA. All results from this analysis project, including any other publications and presentations, are available online [4] .
The majority of sites (78%) tracked by NREL had capacities of 4-6 kW (Figure 2 ). There were a few sites with higher capacity in both urban and rural areas. California had the largest number of systems installed. The high concentrations of sites in California and the Northeast are primarily due to the location of project partners and population. Other site location factors include impact, regulations, use, and grid stability. 
Backup Power Annualized Cost of Ownership Analysis Assumptions
The technologies included in this analysis are a battery system, a diesel generator with a bridge battery system, and a fuel cell system with a bridge battery system. The generator and fuel cell system analyzed both utilize a bridge battery system to ensure uninterrupted power during a grid outage. A power range of 4-6 kW was selected because 78% of the NREL-analyzed systems installed between 2010 and 2012 are in this range. In the diesel generator scenario, a 25-35 kW unit was used because commercial-grade diesel generators are not readily available in the 4-6 kW range. The lifetimes assumed for the battery, diesel, and fuel cell systems are 5, 15, and 15 years, respectively [9] . These lifetimes are based on replacement schedules from the suppliers. All costs are in present value terms, with a discount rate over the lifetime applied to capital purchases. Table 1 lists the key analysis assumptions by technology. a Assumptions are based on the average of provided data from suppliers and end users, unless otherwise referenced. b Diesel generator spec sheet references [7, 8] . c A delivery fee would also be included for the diesel fuel. That fee was not provided in the diesel cost estimates and is not included in this analysis. d The incentive is 30% of the up-front costs (includes capital and install), capped at $3,000/kW capacity. This analysis assumes an average capacity of 5 kW [10] .
The operation of backup power systems can vary widely due to location, integration design, and control strategy. In order to minimize the impact of the variety of operating conditions, four annual run time scenarios were selected for analysis: 8, 52, 72, and 176 hours, which are the same run times used in the Battelle report, "Identification and Characterization of Near-Term Direct Hydrogen Proton Exchange Membrane Fuel Cell Markets" [9] . A 72-hour continuous run time scenario was a hydrogen sizing criterion for the ARRA backup power installations.
Data for the analysis comes from the following sources:
• The first source, and fuel cell data source, is the ARRA co-funded fuel cell backup power suppliers.
• The second source is commercial product price estimates for batteries and diesel-powered generators.
• The third source is feedback from facility operators, which was used for data validation.
The reported data are average values from all input sources. See Table 2 for the breakdown of capital, permitting/installation, maintenance, and fuel costs by technology and run time scenario. a Costs are based on the averages of provided data from suppliers and end users, unless otherwise referenced. b Capital costs assume the system has enough capability to operate continuously for each run time scenario. c Battery installation and maintenance are assumed to scale with the battery capital costs because of the increase in support equipment (e.g., cabinets and cooling). The cost to recharge a depleted battery string is included here. Additional costs will be required to maintain the battery charge when not in use. d There are two fuel cell system scenarios, with (*) and without federal tax credits [10] for fuel cell purchases. e The average capital $/kw for a diesel system is between $800/kW and $1,100/kW and for a fuel system (without storage) is $5,700/kW.
The incentives for the fuel cell system were calculated as 30% of expenditures and capped at $3,000/kW of system capacity [10] (e.g., $15,000 for a 5 kW system if the total system cost was greater than $50,000). The eligible costs for this incentive include capital and installation costs. The installation and permitting costs are assumed to be relatively constant for the different run time scenarios because the largest drivers of these costs are the variability of each site and regional permitting requirements. These costs do include estimates for site acquisition. The permitting costs are a large percentage of the expense for a fuel cell installation, primarily because authorities having jurisdiction may not have familiarity or experience with hydrogen fuel cell installations. The incentives for fuel cell systems were applied to capital and installation costs.
The capital costs include all equipment required for operation, for example, the storage tank, bridge battery, and transfer switch for a diesel generator. The capital cost for batteries [12] varies greatly based on the run time scenarios and operation lifetime. Longer continuous run times result in a high battery cost because of the large number of batteries and supporting infrastructure required. Batteries must also be oversized to accommodate power degradation over the operation lifetime of 5 years. The capital cost for the diesel generator remains constant for the different run time scenarios because the generator system, including the tank, is assumed oversized for the low run time scenarios.
There are two changes to the fuel cell system for different run time scenarios that affect the capital cost. The 8-hour scenario assumes the hydrogen storage unit is a pack of rented hydrogen gas bottles that are swapped out when the gas is low; the other three run time scenarios assume the fuel cell system has a hydrogen storage module (HSM) that is purchased and refilled in-place instead of using the bottle swap. Figure 3 and Figure 4 display examples of the HSM and the replaceable hydrogen cylinders options. The 176-hour scenario increases the amount of on-site storage to 2.5 times that of the 72-hour scenario. Figure 5 shows a breakdown of the capital cost for the fuel cell system and HSM for the four run time scenarios. Note there is a small increase in the fuel cell cost for the 8-hour scenario, compared with the other run times. This is due to an enclosure for the hydrogen storage tanks.
Figure 5. Breakdown of hydrogen storage and fuel cell capital costs
The capital costs of the fuel cell system for the 52-hour and 72-hour run time scenarios are the same because the HSM is assumed to be the same size. This assumption is based on available data for the 72-hour HSM costs (and not specifically for the 52-hour scenario) because of how close the run hours are in the two scenarios. The cost difference between two scenarios is only in the cost of the hydrogen consumed.
All costs are presented as annualized costs per system in present value terms. Capital, permitting, and installation costs are amortized over the expected equipment lifetime. Equipment is maintained and replaced as necessary, with equipment replacement costs assumed to remain constant in real dollar terms. A similar analysis was completed for another key early market for fuel cells and reports on the cost of ownership analysis for fuel cell material handling equipment [13] .
As costs are considered in present value terms, a discount rate is applied to capital purchases. For this analysis, the discount rate of 1.5% is used, based on U.S. Treasury bond rates as reported by the U.S. Treasury. In particular, the 1.5% real rate is the one-year average (from September 2010 to September 2011, when the cost of ownership analysis was initially conducted) of daily U.S. Treasury long-term real rates reported for U.S. Treasury Inflation Protected Securities. The Treasury Department [14] notes that the "Long-Term Real Rate Average is the unweighted average of bid real yields on all outstanding TIPS [Treasury Inflation Protected Securities] with remaining maturities of more than 10 years and is intended as a proxy for long-term real rates."
These investments are generally not directly profitable, but are either required investments or hedge against losses due to power outages, which are less quantifiable.
The annual maintenance can vary significantly by site, even for one technology type. This variation is primarily due to ambient conditions like temperature and whether the unit is indoors or outdoors. Another factor for maintenance is extended time of inactivity. Fuel cell backup power systems are programmed to run periodically (for example every 4 weeks) to ensure the system is hydrated and fully operational. Remote monitoring, conditioning runs, and annual maintenance have an estimated annual cost of $100 per year for the fuel cell system. Battery systems have a trickle charge when not in operation, thus they do not require a periodic conditioning run, but they do typically require a maintenance check every 3 months. The estimated annual maintenance cost for a battery system is $300 per year and increases relative to the increasing battery sizes and capital costs. Diesel generators require the most maintenance of the technologies compared in this study; the maintenance expenses vary depending on recommended maintenance and actual maintenance practices. The range of estimated annual maintenance for diesel generators is from $400 per year to more than 4 times that value. Recommended maintenance for diesel generators includes monthly operation and checks as well as regular fuel and part replacements. The estimated annual maintenance cost for a diesel generator is $800 per year.
Annual fuel (or electricity) costs are very dependent on the run time scenarios, and the assumptions are specific to each technology case. Round-trip efficiency for the battery systems is assumed to be 90% with an electricity cost of 6.67 cents. The diesel fuel consumption is assumed to be 0.9 gallons per hour with a diesel cost of $3.89 per gallon. An assumption is that the larger diesel systems can turn down to this low power level with a low efficiency. The fuel cell system case has a few hydrogen cost variations, such as leased hydrogen bottle storage or fill-in-place hydrogen storage, and a different per-kilogram price and delivery fee for low or high annual hydrogen consumption. An average efficiency of 47% is assumed for the fuel cell system. For the run time scenarios greater than 8 hours, high annual hydrogen consumption, a cost of $8 per kilogram, a $50 delivery fee, and a fill-in-place HSM are assumed. For the 8-hour run time scenario, low annual hydrogen consumption, a cost of $10 per kilogram, a $100 delivery fee, and leased hydrogen bottle storage are assumed. The 176-hour run time scenario assumes the onsite storage is 2.5 times the cost of the 72-hour storage solution. This option also requires an increase in the footprint for storage. If the increased footprint (or increased capital cost) is not preferred for the customer, a storage solution could be to use the 72-hour storage option with two deliveries of hydrogen to ensure 176-hour annual operation.
Backup Power Cost of Ownership Analysis Results
This cost of ownership analysis serves the purpose of understanding the factors impacting the value proposition for fuel cell backup power and the estimated annualized cost of ownership for three backup power technologies. Figure 6 displays the annualized cost estimates for each run time scenario and technology. The battery cost increases significantly with the higher run time scenarios, and this technology is unlikely to truly be a stand-alone solution for situations that require high run times. The cost breakdown graphs that follow (except for the 8-hour breakdown figure) will exclude the battery to allow for comparison of the other technologies. Note that the fourth technology included in these comparisons is the fuel cell system with incentives. Figure 7 is a radar chart designed to show more detail of the annual cost comparison between technologies. The first three run time scenarios have similar costs for the different technologies, where diesel is the lowest cost option. The fuel cell cases (both with and without incentives) are more expensive than diesel engines in the 176-hour run time scenario and cost competitive in the other three scenarios. The higher cost in the 176-hour run time scenario is primarily due to the increase in capital cost for the HSM. The next four figures show the cost breakdown for each run time scenario. The cost breakdown categories are the same for Figure 8 through Figure 11 and include the amortized capital and installation costs and annual fuel and maintenance costs. Figure 8 details the 8-hour scenario, where the capital and installation costs dominate the annual cost of ownership. Maintenance costs are quite small for the fuel cell and battery systems when compared with the diesel system; however, the diesel system has the lowest capital and installation costs of the technologies. This scenario assumes the hydrogen storage system is leased bottles that are swapped out during a hydrogen fill. The leased bottle storage has a number of challenges in cost and in the actual swap out. The next scenarios assume a fill-in-place hydrogen storage system that is much simpler to fill than it is to swap bottles, but it does increase the initial cost and footprint. Another option for this short run time scenario is to purchase the hydrogen cylinders, adding approximately $2,500 to the upfront cost, and then only pay for the cylinder swap when needed. The fuel cell system with incentives cost of ownership is similar to the diesel generator cost of ownership. The incentives offset the higher capital costs, and the fuel cell system has high efficiency and a long operation lifetime, all of which contribute to the lowest cost of ownership in this run time scenario. The fuel costs for the diesel and battery technologies in the 8-hour run time are actually greater than zero (see Table 2 ). These fuel costs are rounded to zero in Figure 8 because the analysis is limited to two significant digits in the annualized cost of ownership. Figure 9 shows the breakdown of the 52-hour run time scenario. The annualized cost of ownership for a battery-only system is more than $18,000 and is not graphically displayed for comparison purposes. The breakdown trend is similar to the 8-hour scenario, but the hydrogen bottle rental is no longer a high annual cost. In its place is an amortized HSM. This increase in initial cost for the fuel cell system is on par with the decrease in annual maintenance cost for the diesel generator. The result is an annual cost of ownership that is basically the same for a diesel generator and a fuel cell system with incentives. This also holds true for the 72-hour run time scenario shown in Figure 10 . In both of these scenarios, the fuel cell system only requires one hydrogen delivery and utilizes the high hydrogen consumption price option. In both the 52-hour and 72-hour run time scenarios, all three system options have a similar annualized cost of ownership. The incentives for the fuel cell system are important to offset the capital costs that include a fill-in-place HSM. The fuel cost is the lowest for the diesel system, while the maintenance cost is lowest for the fuel cell system. The 176-hour run time scenario cost breakdown is shown in Figure 11 . The biggest difference in this scenario when compared with the 52-hour and 72-hour scenarios is the increase in cost for the HSM. The assumed increase is based on a linear scale-up for the storage cost and results in a higher initial cost for the fuel cell system. It is assumed that the diesel generator storage tank size will cover this long run time scenario. A diesel generator is the lowest-cost option in this long run time scenario. Additional reductions in cost for hydrogen delivery and storage are needed if a fuel cell system is to compete with the incumbent technology in this run time scenario.
Figure 11. 176-hour scenario annual cost breakdown
In order to capture the variability of assumptions and input data, a sensitivity study of capital costs, installation costs, discount rate, operation life, maintenance costs, and fuel/electricity costs was completed for the 72-hour run time scenario. The data ranges (Table 3) are based on the input data ranges. See Figure 12 for the annualized cost of ownership ranges from the 72-hour sensitivity study. The inputs that have the largest range in cost of ownership are capital costs, install costs, and operation life. These three have the greatest variation with input data and uncertainty. For example, the fuel cell operation life of 15 years is an input assumption that has not been validated through NREL's technology validation activity of fuel cell backup power systems in real-world operation. Fuel cost, discount rate, and maintenance have relatively small ranges and impact on the annualized cost of ownership. These have a small impact on the annualized cost of ownership partly because the systems operate for very little time during a year. This emphasizes the importance of the initial capital and installation costs on the perceived and actual cost of ownership of backup power systems. For reference, the average annualized cost of ownership (see Figure 10 ) has been identified as a red line. Appendix C includes the battery cost ranges in addition to those shown in Figure 10 . 
Conclusions
This annual cost of ownership analysis provides an understanding of the different costs associated with three different backup power technologies: battery, diesel generator, and fuel cell systems. Data for the analysis comes from a few sources. The first source, the fuel cell data source, is the ARRA co-funded fuel cell backup power system suppliers. The second source is commercial product price estimates for batteries and diesel-powered generators. The third source is feedback from facility operators, which was used for data validation. The reported data are average values from all input sources. The capital and installation costs for each technology were amortized over an operation period of 5, 15, and 15 years for battery, diesel generator, and fuel cell systems, respectively, and in a target power range of 4-6 kW, except for the diesel generator, which had a power range of 25-35 kW because of commercial product size constraints, reliability requirements, and purchase standards. Four run time scenarios were selected-8, 52, 72, and 176 hours-and the technology case included a fuel cell system with and without federal tax incentives.
The diesel generator is consistently one of the lower-cost options, but this technology has some challenges with the cost of annual maintenance requirements and attributes not captured in the cost of ownership analysis, such as noise and emissions. Operating a diesel generator at low loads is inefficient and may also increase costs not addressed here, such as required load banks for turndown limitations, very low efficiency, and/or poor reliability. The fuel cell system with incentives is cost competitive with the diesel generator, particularly in the 8-hour, 52-hour, and 72-hour run time scenarios. A battery system is a likely selection for telecommunication sites that require 8 hours of run time, but the annualized cost of ownership quickly gets very high for the longer run time scenarios.
Fuel cell systems are now cost competitive with the incumbent backup power technologies, according to this cost of ownership analysis; however, a reduction in capital and installation costs (including hydrogen storage costs) will result in a stronger value proposition for fuel cell systems as backup power solutions. Another area that requires development for widespread deployment of fuel cell systems involves the permitting of hydrogen systems, specifically the inconsistency of how requirements are implemented from site to site and how long the process takes. For decision makers selecting a backup power system, the initial cost is a key driver, but other aspects to consider are permitting, emissions, run time capability, ease of refueling, noise, footprint, and user comfort with the technology. 1) Refer to the report for complete analysis details and assumptions (http://www.nrel.gov/docs/fy14osti/60732.pdf). 2) Fuel cell system with incentives (FC*), calculated as 30% of expenditures and capped at $3,000/kW of system capacity. 
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